[Abstract] Methyltransferases that methylate the guanine-N7 position of the mRNA 5' cap structure are ubiquitous among eukaryotes and commonly encoded by viruses. Here we provide a detailed protocol for the biochemical analysis of RNA cap methyltransferase activity of biological samples. This assay involves incubation of cap-methyltransferase-containing samples with a [ [Background] The N7-methylguanosine cap at the 5' end of an mRNA is a modification essential for proper eukaryotic mRNA processing, localization, and translation. The N7 methyl group is particularly critical for the mRNA life cycle, as it drastically increases the binding affinity of cap-binding proteins (Niedzwiecka et al., 2002) and protects mRNAs from cap-quality control surveillance mechanisms (Jiao et al., 2013) . We recently reported that the mammalian RNA guanine-7 methyltransferase (RNMT) functions beyond its canonical role in nuclear co-transcriptional cap synthesis to participate in cytoplasmic RNA recapping (Trotman et al., 2017) . We used the protocol presented here to demonstrate that the cap methyltransferase activity of cytoplasmic RNMT is unexpectedly robust relative to nuclear RNMT. Additionally, siRNA-mediated knockdown of RNMT greatly reduced the cap methyltransferase activity of cytoplasmic extracts, suggesting that RNMT is the predominant, if not only cap methyltransferase in the cytoplasm of mammalian cells. Nuclear RNMT exists as a heterodimer with RNMT-activating miniprotein (RAM, Gonatopoulos-Pournatzis et al., 2011), and we demonstrated that cytoplasmic RNMT also binds to RAM. Reduced cytoplasmic cap methyltransferase activity upon RAM knockdown indicated that RAM is a required cofactor for cytoplasmic RNMT.
18. RNase-free water (e.g., from a Millipore Synergy water purification system, 18.2 MΩ cm)
19. Single-stranded DNA sense oligo 20. Single-stranded DNA antisense oligo 21. 5' CATGCAAATTAACCCTCACTAAAGGGAGACCGGAATTCGAGCTCGCCCGGGGATC 3' for T3 transcription template, resuspended in RNase-free water to 100 μM (e.g., synthesized
by Integrated DNA Technologies (IDT); underlined is a T3 promoter sequence, bold sequence matches the transcribed 32-nucleotide (nt) pppRNA) 22. 5' GATCCCCGGGCGAGCTCGAATTCCGGTCTCCCTTTAGTGAGGGTTAATTTGCATG 3' for T3 transcription template, resuspended in RNase-free water to 100 μM (e. 
Procedure
A schematic overview of this protocol is presented in Figure 1 . In short, an in-vitro-transcribed short RNA is guanylylated using [α- 4. Bring the T3 transcription reaction product mixture to 50 μl by adding 30 μl of RNase-free water, and purify using a NucAway Spin Column according to manufacturer's instructions.
5. Measure the concentration of the purified pppRNA using a NanoDrop. In our experience, at 4. On the 1 cm tick marks on the origin of a pre-run PEI cellulose TLC plate, carefully spot 1 μl of the P1 nuclease digestion products using a P10 pipet. Allow the spots to completely air-dry, and then spot an additional 1 μl of the P1 digestion products on the same positions as before.
As controls, also spot 2 μl (1 μl at a time) of 10 mM GpppG and 10 mM m GpppG spot intensities on the TLC plate phosphor image. The spot intensities can be determined using any image software that includes densitometry analysis, such as ImageQuant TL.
To ensure consistent calculation of spot intensities for multiple samples, use lanes or boxes of the same size that are large enough to just fit the entire spot for densitometry analysis. Also ensure that any background signal is subtracted; in ImageQuant TL, we use the 'rubberband' setting for establishing the baseline for peak signal integration. To account for biological variability among samples when comparing multiple conditions, it is good practice to perform this assay with at least three biological replicates to enable appropriate statistical testing.
Notes
1. The recombinant human capping enzyme we used to generate the radiolabeled GpppRNA was produced in-house as described in Trotman et al. (2017) . Despite this enzyme stock having robust capping activity with non-radiolabeled GTP, the production of radiolabeled GpppRNA was rather inefficient. If a recombinant capping enzyme is not available, we recommend using a commercially available enzyme, such as the Vaccinia Capping Enzyme (NEB, catalog #M2080S), to produce the GpppRNA as was used in previous reports (Pillutla et al., 1998; Cowling, 2010) . If Vaccinia Capping Enzyme is used to generate GpppRNA, be sure to omit SAM from this reaction, as this enzyme also contains cap methyltransferase activity.
2. Unlike most types of chromatographic systems, the flow rate of TLC is variable and cannot be easily adjusted to optimize performance according to the van Deemter Equation (van Deemter et al., 1956; Guiochon et al., 1979) . In TLC, the capillary flow rate is dependent on properties such as the particle size of the TLC plate, which can vary substantially from manufacturer to manufacturer. We have thus found that some manufacturers' PEI cellulose plates give streakier, more poorly resolved results than others, with the Macherey-Nagel plates listed here giving the best performance of those we have tested under the given conditions.
3. Any short, in-vitro-transcribed RNA (with a 5' triphosphate) should be suitable for generating the radiolabeled GpppRNA substrate, and this protocol can be modified to produce other GpppRNA substrates if desired. The protocol presented here simply describes an easy way to generate the same 32 nt substrate RNA used in the initial characterization of human RNMT (Pillutla et al., 1998 ) and in our recent study (Trotman et al., 2017 ).
Use fresh [α-
32 P]GTP to maximize the ratio of radioactive-to-nonradioactive GTP in the stock, which will allow for greater signal intensity during phosphorimaging. GpppG and ensuring success of the assay, we suggest preparing a parallel cap methyltransferase activity reaction using a recombinant cap methyltransferase (such as Vaccinia Capping Enzyme from NEB).
6. The radioisotope 32 P emits beta particles that can be potentially harmful if not handled properly.
To ensure safety while handling 32 P, always wear eye and skin protection, work behind an acrylic bench shield, and use a Geiger counter to frequently check surfaces for contamination.
We recommend using a dedicated set of pipets for use with radioactive materials in case they become contaminated. Store all radioactive samples at 4 °C or -20 °C in secondary acrylic storage boxes. Clean up any spills, no matter how small, and notify lab personnel and appropriate safety officials in the case of a sufficiently large spill. All radioactive waste should be placed in acrylic waste bins for at least 10 half-lives (about 143 days) to decay in storage.
Contact your institution's radiation safety office for additional information. 
10% (w/v) SDS
Dissolve 10 g of SDS in RNase-free water to a total volume of 100 ml. Store at room temp.
7. Tris/glycine/SDS running buffer for SDS-PAGE 890 ml RNase-free water 100 ml 10x Tris/glycine 10 ml 10% (w/v) SDS 8. Tris/glycine/methanol/SDS transfer buffer To 200 ml of methanol, add 500 ml of RNase-free water and then 100 ml of 10x Tris/glycine and 1 ml of 10% (w/v) SDS. Add RNase-free water to a total volume of 1 L and store at 4 °C
